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Vibrational Spectroscopy of Size-Selected Sodium-Doped Water Clustérs
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The vibrational OH stretch spectra have been measured for J@(ldlusters in the size range from= 8

to 60. The complete size selection is achieved by coupling the UV radiation of a dye laser below the ionization
threshold with the tunable IR radiation of an optical parametric oscillator. The spectra are dominated by
intensity peaks around 3400 chwhich we attribute to an increased transition dipole moment of delocalized
electrons in this type of doped cluster. Aside from the positions of free (371% @nd double donor (3560
cm™Y) bonds which are known from pure water clusters, specific transitions are observed at 384énhdm

in the range of the single donor bonds between 3000 and 3208 cm

I. Introduction other. The method was applied to ammonia and water cldgters
and the rare gas clusters argon, krypton, and x&nas well.

Because of the low ionization energy of sodium, which is even
lower in combination with water and ammonia, the atoms or

Experiments with neutral clusters of atoms or molecules are
difficult to conduct with completely size-selected clusters. There
are two reasons for this behavior. On one hand, the most . : . . L
commonly used cluster sources, the supersonic adiabaticmolecules in the cluster with their much higher ionization

expansion, and the gas aggregation in cold gas flows, generatémtent'als are hot a.ffeCted.' This sc.hem'e is now used for
usually a distribution of sizesOn the other hand, the size- complete size selection as is shown in Figure 1. The photon

selective detection process by ionization and subsequent selecENer9Y IS lowered slightly below 'the threshold. Then_ togeth_er
ith the IR photons the energetic constraint for ionization is

tion in a mass spectrometer is hampered by severe fragmentatioﬁ(v

processe3 This is especially valid for van der Waals, hydrogen, again fulfilled and the ion can be detected in a mass spectrometer
and ionic bound systems in which the neutral and ionized as an enhancement of the signal when the IR laser is turned on.

interaction potentials are shifted appreciably against each otherThe procedure \./vork.s provided that sufﬂmerﬁ coup]lng oceurs
between the vibrational and the electronic motion of the

and eventually highly excited vibrational states are reached in .~ "™~ o X : - .

the ionization processes which lead to the mentioned evapora-'on'zat'on' Th's Is an interesting aspect in |ts_elf._The scheme is

tion.2 Therefore, special experimental methods are needed toCOMpletely size selective and covers, in principle, the whole
range from very small to more than thousands of molecules,

label the neutral cluster sizes in an unambiguous way. One : ;
9 Y whatever can be generated in the source. We have applied the

possibility is the momentum transfer in a single collision . e
experiment with atom$>2 This method is, however, restricted method first to Na(HO), clusters. Similar ideas have been used
! ' in the vibrational spectroscopy of single aromatic molecules.

to small sizes of about = 13 because of resolution problefs. | he onizi " lished b

Another possibility is to attach an aromatic chromophore n or|1.e C?ﬁe' I':?el |on|2|ngd.trtqn5|tlo.rt1§ aremaccor:n[é) IS ? y

molecule to the cluster and to ionize it by a two color resonant coupling tne aser radiation with-a two_photon faser
transition®16 |n the other example, the IR radiation of a free

two phot hich is, by choosing the right length
© PAOION process WhICH 13, by Choosing tne NG Wavelengt, oo tron laser and a single UV photon are appliethe authors

nearly fragmentation fre€:}! This method requires special laim that th ing b he vibrati q
electronic transitions and is also limited to about the same sizes.©'3™M that the necessary coupling between the vibration an

In addition, it contains the aromatic molecule as a perturber. A '9“‘2%“0” is cgused by an e_nhanceq ionization probabil_ity in
new type of labeling was recently introduced by the soft argon- vibrational excited states or simply by intramolecular vibrational

mediated electron attachment to vibrationally excited neutral energy red|sFr|but|c_)n and addition of energies, respecively. A
water clusterd? further experiment is reported on the spectroscopy of.a Rydberg
In the present contribution, we will introduce a new method series of Ar atoms where the synchrotron radiation is coupled

which will allow us to measure IR spectra for completely size- with IR photons for the ionizatiot

selected molecular clusters without any restriction in the size ) )

domain. The applied method is as follows: In the course of !l Experimental Section

our work for measuring unambiguously size distributions of  The experiments were carried out in a molecular beam

weakly bound clusters, we found that a convenient way to solve machine which has been described in detail elsewHere.

this problem is to dope the clusters with one Na atom and 0 Therefore, we will present here only a short account of the main

ionize the complete system by a single photdH.Working parts with emphasis on those that have been changed. The

closely above the threshold, a nearly fragmentation free detection,5chine consists of a source chamber. a buffer chamber. and a

is achieved, since for metals the neutral and ionic potential getector unit. In a first step, the water clusters are produced by

curves are quite similar and are usually not shifted against eacheypanding water vapor of 0.53 bar seeded in helium at 4 bar
 Part of the special issue “ten Troe Festschrift” through a nozzle of conical shape with a diameter ofi88 an

*To whom correspondence should be addressed. E-mail: OP€Nning angle of 41 and a length of 2 mm. These clusters are
ubuck@gwdg.de. doped by a single sodium atom by passing the beam through a
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So AT Figure 2. Signal with and without IR radiation. Scale on the left side:
Figure 1. Schematic diagram of the excitation mechanism. number of ionized particles without and with IR radiation. Scale on

the right side (dashed line): the difference signal as enhancement in

pick-up cell which is placed in the buffer chamber and kept at percent.
a pressure of 0.023 mbar. The clusters are detected by a
reflectron time-of-flight mass spectrometer. The ionization is
carried out by the photons of a dye laser pumped by an excimer
laser with a pulse width of 28 ns. Under optimal conditions, a
mass resolution o Am = 1600 was obtained ah = 200 u,
based on a drift length of 1820 mm. The ions are extracted in
the direction of the beam and detected on a microsphere plate.
The mass spectra are sampled using a digital storage oscilloscope
in special particle counting mode. The spectra are corrected for
the size dependence of the detection probability and the
ionization cross section, the transformation from time to mass
coordinates, and double ionization processes. The average size
of the Na(HO), clusters was measured to 1= 30 under
the above-mentioned source conditions. The pick-up method
leads temporarily to a heating of the cluster by collisions with
the dopant. But simulations of this process for rare gases at
temperatures of 300 K show that the cluster rearranges to a large
extent to the original structure at a temperature of 32 K
the present experiment, the temperature of the Na vapor is 490
K but the binding energies are more than a factor of 10 larger
than those for the rare gases so that we would expect no change
of the cluster temperature in the range of 68°Kthe isomers,
however, which are formed by the interaction with the Na atom
preferably at the surface of the cluster, are not necessarily the
en_?;]geltga||)é_|0\_/\/33t onocles. o the < obtained f 2800 3000 3200 3400 3600 3800
e IR radiation used to excite the clusters is obtained from -1
a Nd:YAG laser pumped optical parametric oscillator (OPO) wavenumber / cm
inthe special fange ffom 2900 (o 3800 2 consists  FIE 3, Mewsuer 1 S spestu oL a0 s e
of a master oscillator containing a LiNb@rystal, which is long lines indicate the transition caused by the delocalized electrons,
pumped by the fundamental of a Nd:YAG laser. The master for the origin of the short lines see text.
oscillator is seeded by the narrow-bandwidth IR radiation
obtained by difference frequency mixing the output of a pulsed 1,q ignization potential for NaG®),
dye laser and the 532 nm radiation of the same Nd:YAG laser g, (391 nm

in a LilO; crystal. The typical output energy for the low- o qiation off and on as function of the dye laser wavelength.

frequency component (idler) is4 mJ per pulse in the enfire 5 percentage enhancement signal is obtained by dividing the
spectral range covered in this study. The pulse width is 10 ns. yitarence signaN — No by No. The results for the fixed IR
The bandwidth of the IR radiation, which is determined by the |\ - onumber of 3550 cmt are displayed in Figure 2. As

bandwidth of the dye laser, is chosen to be 0.5 rive note expected, the signal increases close to the threshold. The signal

i 1 o . .

that the wavenumber region between 3480 and 3510°Cm  gnhancement which is the difference between these two signals
cannot be reached in the experiment caused by water impurities;, .-aases slightly and reaches a maximum at 400 nm. With
in the crystal. The time synchronization of the two laser beams increasing intensity in the threshold region, it drops to small

is achieved by triggering the IR laser by a pulse delay generator., 5,65 Thus, we will run further experiments at 400 nm of the
The UV pulse of the ionization laser is time delayed by about g6 aser and scan the frequency of the IR laser. The results
80 ns with respect to the IR laser. This value is adjusted by ¢o selected cluster sizes are presented in Figure 3. To obtain
optimizing the enhancement signal. an overview of the general trends, we have averaged the spectra
of 10 single sizes with equal weights. Therefore, the mean sizes
n=15+5n=35+ 5, andn = 55+ 5 should not be mixed

In a first series of experiments, we have tried to find the up with the average sizes of the log-normal distributions
optimal conditions for running this double resonance experiment. presented in experiments without size selection which usually

na
=]

intensity
S

clusters fom = 4 is 3.17
¥® We have measured the signal with the IR

Ill. Results and Discussion
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' j T : to wait until calculations for this very system are available. There
n =56 remains the interpretation of the peak with the largest intensity
I around 3400 cm! marked by the drawn-through lines. This is
definitely the region of four-coordinated molecules which
becomes more and more important with increasing cluster size.
The amazing point, however, is that this peak is also present in
very small systems where the number of DDAA molecules is
zero or quite small. A possible explanation has been given by
Mundy et al?® in the interpretation of the reaction of sodium
with water clusters. In the course of this work, they calculated
the electronic structure of Naf®)s using Car-Parrinello
molecular dynamics at 100 K. The 3s electrons were spread
over a large area of negrB A and were thus distributed over
several of the solvating water molecules. These authors remark
in a side note that this extended dynamic state gives rise to a
very active IR mode. We think that we observe exactly this
mode in our experiments. In fact, the preliminary calculation
of the spectrum for Na(¥D), using the autocorrelation function
of the dipole moment gives a large peak at 3370°&fA The
presence of these delocalized electrons also explains the coupling
of the vibrational motion to the ionization process which
manifests itself in the presence of the peak around 3400 cm
in all our spectra.

This interpretation is supported by recent experiments of the
vibrational spectroscopy of water anions,(®J),~ carried out
by the group of Johnséfin continuation of previous work on
E these system¥.They observed in their argon-mediated predis-
wavenumber / cm sociation and photodetachment data the binding motif of a single
Figure 4. Measured OH stretch spectrum of selected N@(iclusters water molecule through a double H-bond to the electron cloud

for the sizes indicated. The long lines indicate the transition caused by \yhich leads to a pronounced double peak at 3400 and 3260
the delocalized electrons; the short lines mark the transitions based oM. 1 in the OH stretch spectra of the smaller clusters. This

the free and the DDA bonds which are already known from the pure o .
water clusters. pattern moves gradually to smaller wavenumbers with increasing

cluster size® In the sodium-doped water clusters, we mainly
observe only one peak at 3400 tinThis can be explained by
extend to much larger sizes with a half width _Which corresponds the higher possibility to form only one H-bond to the electron
to the average value. All spectra are dominated by the peakcloud in a cluster environment in which also the counteriori Na
around 3400 cm* which is marked by the double line. At higher  is present. Indeed, an inspection of some calculated strif8gtes
wavenumbers there are peaks at 3550, 3640, and 3715 cm reveals the presence of these single bonds. Whether the increase
which are more or less the same for the selected sizes. At theof the intensity around 3300 crhwith increasing cluster size
low energy range, we observe mainly peaks at 3120 and 3020js due to DDAA molecules or the shift observed in the

ra
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cm™*. They are most pronounced in the spectrumrfor 35 negatively charged water clusters cannot be decided without
and nearly disappear far= 55. iAIso, the main peak slightly  calculations. We close with the statement that the intensity at
shifts from above 3400 cm for n = 15 to below 3400 cm* 3400 cnt! which is also present at small cluster sizes is caused

for n=55. The latter spectrum is also much broader and shows py the delocalized electrons.
less structures than the other two. Figure 4 exhibits the results
for single size-selected clusters for= 8, 32, 34, and 56. While
all four spectra roughly agree in the peaks from 3400 tm
onward, differences mainly show up below 3200 ¢nexhibit- In conclusion, we have presented an experimental method
ing one peak, two peaks, or no peaks. which allows us to take the vibrational spectra of a completely
From what is known from the analysis of pure, large water size-selected neutral cluster in a range between 8 to 60
clusterd* and model calculatioR3in this size range as well as  that was previously not accessible. This was achieved by
from calculations of small water clust&sand the similar system  coupling the UV photons of a dye laser at 400 nm, below the
Nat(H,0), up ton = 2027-2we can attribute the bands at 3715 threshold for ionization with the IR radiation of a tunable OPO.
and 3560 cm' to the free OH and the three-coordinated double In this manner, the Na@®), clusters were ionized and an
donor, single acceptor (DDA) OH bond, respectively. They are enhancement of the ion signal was observed. The spectra, taken
marked by short lines in Figure 4. The band at about 3640'cm  in the OH stretch region, exhibit a series of characteristic features
is new and has never been observed in pure water clusters. It igvhich indicate the coordination of the molecule and which are
attributed to a terminal water molecule with a double acceptor partly known from the analysis of pure water clusters. In
AA or a single acceptor A with a further bond to the Na atom. addition, further characteristic features appeared in the spectra
These arrangements have been observed in the calculations oivhich are attributed to the perturbation of the Na atom and
small Na(HO), clusterg®3! and their ionic variant$® The manifest themselves in different coordinations (3640 Hnor
bands in the region below 3200 cfnare certainly caused by  delocalized electrons (3400 ci). The latter result is confirmed
single donor DAA or DA bonds which are known to undergo by recent experiments with negatively charged water cludters.
the largest red shifts. The individual positions depend sensitively The method is quite general provided that a reasonable
on the exact environment, and their complete explanation hascoupling occurs between the vibrational and electronic motion.

IV. Conclusions
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Itis not restricted in size and can be extended to any size which  (10) Jacoby, C.; Roth, W.; Schmitt, M.; Janzen, C.; Kleinermanns, K.
can be generated in the source and detected in the mass- Phys. Cheml99g 102 4471. o

spectrometer. It requires a tunable light source close to the lgéél)lovgﬁgg?be’ T.; Ebata, T.; Tanabe, S.; MikamiJNChem. Phys.
ionization threshold. In the present case we have, for conven-  (12) piken, E. G.: Robertson, W. H.: Johnson, M.JAPhys. Chem. A
ience, chosen a system with a quite low ionization potential of 2004 108 64.

3.17 eV. With the availability of new XUV and synchrotron 08123)1952%6“, C.; Schite, S.; Steinbach, C.; Buck, Eur. Phys. J. D
sources, the method can be extended toa !a}rge amount of othe? (14) éch'mte, S.: Buck, UInt. J. Mass Spectron2002 220, 183.
_Syster‘_ns. _lt th_us Opens up new possibilities for syStem_atlc (15) Ishiuchi, S.; Shitomi, H.; Takawazi, K.; Fujii, MChem. Phys. Lett.
investigations in any size range. It should be especially suited 1998 283 243.

for systems in which charge separation occurs, since such a (16) Omi, T.; Shitomi, H.; Sekiya, N.; Takazawa, K.; Fujii, @hem.

process will foster the coupling of the vibrational and the Phys. Lett1996 252, 287.

electronic motion.
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